5-Hydroxytryptamine type 3 (5-HT 3 ) receptors are cationselective transmitter-gated ion channels of the Cys-loop superfamily [1] [2] [3] [4] [5] [6] [7] [8] [9] . The single-channel conductance of human recombinant 5-HT 3 receptors assembled as homomers of 5-HT 3A subunits, or heteromers of 5-HT 3A and 5-HT 3B subunits, are markedly different, being 0.4 pS (refs 6, 9) and 16 pS (ref. 7), respectively. Paradoxically, the channel-lining M2 domain of the 5-HT 3A subunit would be predicted to promote cation conduction, whereas that of the 5-HT 3B subunit would not 7 . Here we describe a determinant of single-channel conductance that can explain these observations. By constructing chimaeric 5-HT 3A and 5-HT 3B subunits we identified a region (the 'HA-stretch') 10 within the large cytoplasmic loop of the receptor that markedly influences channel conductance. Replacement of three arginine residues unique to the HA-stretch of the 5-HT 3A subunit by their 5-HT 3B subunit counterparts increased single-channel conductance 28-fold. Significantly, ultrastructural studies of the Torpedo nicotinic acetylcholine receptor 11 indicate that the key residues might frame narrow openings that contribute to the permeation pathway. Our findings solve the conundrum of the anomalously low conductance of homomeric 5-HT 3A receptors and indicate an important function for the HA-stretch in Cys-loop transmittergated ion channels.
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To identify the 5-HT 3B subunit amino-acid sequences responsible for the greatly enhanced single-channel conductance (g) of heteromeric (5-HT 3A and 5-HT 3B ) over homomeric (5-HT 3A ) receptors, we generated 10 chimaeric constructs (C1-C10; Fig. 1a ) of the human 5-HT 3A and 5-HT 3B subunits. These were expressed, singly or in combination, with the wild-type 5-HT 3A subunit in tsA-201 cells. In addition, the wild-type subunits and chimaeric constructs incorporated small haemagglutinin or Myc epitopes inserted at the extreme amino terminus (between residues 5 and 6 of the mature protein) to assess their cellular distribution in COS 7 cells by immunofluorescence under confocal microscopy 12 . We have previously shown that the insertion of such epitope tags is functionally silent 12 . Fluctuation analysis of 5-HT-induced whole-cell currents recorded under voltage clamp 6, 7 was used to compare the single-channel conductance of the subunit assemblies because the sub-picosiemen conductance of the homomeric 5-HT 3A receptor precludes the direct resolution of single-channel events 6, 7, 13, 14 . Initial experiments (Fig. 1b, c) for their influence on single-channel conductance when coexpressed with the 5-HT 3A subunit. Transfection of tsA-201 cells with complementary DNAs encoding chimaeras C1 and C4-C8, in the absence of co-expressed 5-HT 3A subunits, did not support inward current responses to 5-HT (10 mM) and cell-surface expression could not be detected by immunofluorescence, although intracellular staining was prominent in permeabilized cells. However, when co-expressed with the 5-HT 3A subunit, the formation of heteromeric complexes between 5-HT 3A and chimaeric subunits was demonstrated by cell-surface labelling and, for chimaeras C1, 4, 5, 7 and 8, a large enhancement of g (7.6-15-fold) over that observed for the homomeric 5-HT 3A receptor (Fig. 1a) . Although chimaeras C2 and C3 did traffic to the cell surface in the absence of the 5-HT 3A subunit, no current response to 5-HT could be detected. It is possible that the putative channel formed by these chimaeras is not conducive to ion permeation, or does not gate in response to agonist binding. The value of g (5.1 pS) demonstrated by co-expressed C1 and 5-HT 3A subunits provided the first indication that 5-HT 3B subunit sequence carboxy-terminal to the intracellular border of M2 (Fig. 1a) contained a domain responsible for enhanced g. Significantly, the results obtained with C2 and C3 (Fig. 1a) exclude M2 (and M3) in this effect, assuming that they assemble with the 5-HT 3A subunit. This seems reasonable, because C1, embodying both M2 and M3 of the 5-HT 3B subunit sequence, clearly assembles with the 5-HT 3A subunit. C4, incorporating both the large intracellular loop and M4 of the 5-HT 3B subunit sequence, enhanced g to a value (10.9 pS) close to that observed for wild-type heteromeric 5-HT 3 receptors. The data obtained with C5 and C6 (Fig. 1a) indicate the intracellular loop to be the locus of this effect. Progressive fractionation of C5, by way of C7, C8 and C9, identified a stretch of 23 amino acids containing a predicted amphipathic a-helix, within the 'HA-stretch' in nicotinic acetylcholine (nACh) receptor subunits 10, 11 , to be sufficient to increase g to 11.3 pS, which is not significantly different from that of the wild-type heteromer (Fig. 1a) . Further restricting the substituted region (C10; Figs 1a and 2) was without effect on the enhancement of g (12.9 pS). Moreover, C10 assembled into functional homomeric receptors, yielding a g (22.2 pS) significantly higher than that obtained when co-expressed with the 5-HT 3A subunit (Fig. 2a, b) . C9, containing 23 5-HT 3B subunit residues immediately N-terminal to C10, also functioned as a homomer, but with a g (0.64 pS) indistinguishable from that of homomeric 5-HT 3A receptors.
An alignment of the HA-stretch across species orthologues of 5-HT 3 receptor subunits (Fig. 2c) and representative subunits of cation-selective Cys-loop transmitter-gated ion channels (Fig. 2d ) reveals the presence of four positively charged arginine residues unique to the 5-HT 3A subunit sequence. We therefore mutated these residues, individually and in combination, to the aligned residues in the human 5-HT 3B subunit sequence and expressed the resulting receptors as homomers (Fig. 3a) . The mutations R426S and R432Q had little effect on g, whereas R436D and R440A caused ,5-fold and ,3-fold increases in g respectively (Fig. 3a) . The double mutations R432Q/R436D and R436D/R440A produced enhancements of g that were greater than the sum of the individual mutations, but a similar synergy was not observed for R432Q/ R440A (Fig. 3a) . That the major determinants of g are indeed the The bar indicates the location of C10 residues; red and blue letters indicate residues subjected to mutagenesis in the human 5-HT 3A and Torpedo nACh a1 subunits 18 , respectively. h, human; m, mouse; r, rat; gp, guinea-pig; f, ferret; d, dog (E.F.K., unpublished observations). d, Alignment of the HA-stretch across representative subunits of human cationic transmitter-gated ion channels and the a1 subunit of the nACh receptor of Torpedo californica (Tc). ZAC, zinc-activated channel 29 .
unique arginine residues is apparent from the triple mutation R432Q/R436D/R440A, which yielded a g (21.5 pS) not significantly different from that of C10 incorporating all of the residues within this region. The greatly enhanced g of the R432Q/R436D/R440A mutant was confirmed by recordings of 5-HT-induced singlechannel currents from outside-out membrane patches, which provided an estimate of g of 25.1^0.8 pS (n ¼ 3) at 260 mV (Fig. 3a, b) . It is unlikely that the triple mutation introduced a gross change in ion selectivity, because the reversal potential of 5-HT-induced whole-cell currents (23.1^0.8 mV, n ¼ 4) was similar to that of the 5-HT 3A receptor (21.7^1.0 mV, n ¼ 3) and was unchanged when intracellular chloride ions were partly replaced by gluconate anions (22.9^2.6 mV, n ¼ 3). Finally, reversal of the sign of the charges presented by Arg 432, Arg 436 and Arg 440, by their collective mutation to glutamate, did not provide any further enhancement of g as determined by fluctuation analysis (18.9^3.0 pS; n ¼ 6; not shown). Our data identify uniquely occurring arginine residues within the 5-HT 3A subunit as prominent influences on g. Previously, the HA-stretch has been shown to influence the gating kinetics 15, 16 and assembly ( 17 of nACh receptors, but not g. No significant change in g was noted 18 when acidic residues within the HA-stretch of the Torpedo nACh a-subunit were mutated singly (or in one case doubly) to lysine (residues in blue in Fig. 2d) . However, only two mutations were at positions homologous to those studied here (Fig. 2d) and, considering stoichiometry, apply to two, not five, subunits 18 . There is strong evidence that the M2 segments of 5-HT 3A subunits contribute to the pore of the channel [19] [20] [21] . We speculate that the pore funnels into a vestibule perforated by openings ('portals') through which ions flux to the cytoplasm and vice versa (Fig. 3c) . Such cytoplasmic portals exist in the Torpedo nACh receptor 11 , formed between adjacent subunits by a-helices identifiable with the HA-stretch 11, 22 . The dimensions of the portals are estimated to be no greater than the diameter of a permeating ion, including its first hydration shell 11, 22 . Thus, the charge of the residues framing the portals should affect both ionic movements and the local concentration of ions within the vestibule 22 . We propose that the anomalously low conductance of the homomeric 5-HT 3A receptor is attributable to an unfavourable charge distribution over the portals (or at least in proximity to them) provided by Arg 432, Arg 436 and Arg 440. Presumably, five identical portals exist in the inner vestibule of the homomeric 5-HT 3A receptor, allowing speculation that the 5-HT 3B subunit increases g by the formation of cytoplasmic 5-HT 3A /5-HT 3B subunit interfaces that are more conducive to cation conduction.
The existence of portals in the cytoplasmic protrusion of ionchannel proteins is a recurring structural theme. Similar structures (within 'hanging gondolas') 23 have been described for the Shaker potassium channel 23, 24 , the bacterial mechanosensitive channel MscL 25 , the voltage-activated sodium channel 26 and a cyclic-GMP-gated channel 27 . Our assignment of an important function to the inner vestibule in ion permeation might therefore have broad significance for ion-channel function.
A
Methods

DNA constructs and transient transfection of subunit cDNAs
Human 5-HT 3A and 5-HT 3B subunit cDNAs (ref.
3) and cDNAs encoding chimaeric constructs of the 5-HT 3A/3B subunits were each cloned into pGW1 (ref. 12). Chimaeric 5-HT 3A /5-HT 3B sequences were generated by standard molecular biological techniques 28 . The subunits were tagged with the Myc or haemagglutinin epitopes between amino acids 5 and 6 of the mature protein by site-directed mutagenesis, as described previously 12 . All cDNAs were completely sequenced to confirm fidelity. Transfection of tsA-201 or COS-7 cells with subunit cDNAs, at equimolar ratios when appropriate, was performed by electroporation (400 V, infinite resistance, 125 mF) with the use of a Bio-Rad gene electropulser II. Transfected cells were cultured for 24-72 h before use.
Immunofluorescence
Anti-Myc and anti-haemagglutinin antibodies were obtained from 9E10 or 12CA5 hybridoma cells, respectively, and used direct as supernatant (20 mg ml
21
). The fluorophore-conjugated secondary antibodies goat anti-mouse Alexa Fluor 488 (green) and Alexa Fluor 568 (red) (Molecular Probes) were used at 1 mg ml
. Immunofluorescence was performed as described previously 12 with a confocal microscope (Zeiss LSM510).
Electrophysiology
Whole-cell and outside-out patch configurations were used to record macroscopic and single-channel currents respectively from transfected tsA-201 cells. The recording chamber was perfused (5 ml min and 5-HT 3B subunit 'HA-stretch' sequences proposed to contribute to the portals are illustrated 11, 22 .
